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Metal cylinders were projected perpendicularly against thick mletal plates at
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I. I NTRODUJCT ION

Friction and impact sparks have been used by man f'or untold years to
produce heat and light. Flint and pyrites served to start fires for
prehistoric man. Later ages used flint-steel and steel-pyrite combina-
tions. '.urrent cigarette lighter sparks are hotter and ignite a wider
rangc of materials than the earlier combinations).

The reactive componaents of most small arms incendiaries are ignited
by impact on a target. Since bulk metal components may also contribute
incendiary effects by their sparking, a simple, qojantitative method was
sought to measure impact thresholds of sparking for different metals.
Thus, metals that spark easily and/or profusely could be identif-.ed by
such a test and advantageously incorporated in incendiary munitions.
Sparking may be considered a comirnution of part of a metal mass with an
associated temperature rise and rapid reaction of the particles with the
surrounding oxygen o-c nitrogen in the air. A later Teport will describe
the relative efficiency of different metal sparks for. ignition of fuels
and other combustible materials.

Pyrophoric metals are defined by Webster as thos.e that spark when
scratched or struck. Cocnon pyrophoric metals are cerium, uranium, and
zirconium and their al)oys. Cerium, for example, i.s a major component
of the common cigarette lighter "flint". In our earlier work 2 , two
empirical criteria were developed to differentiate Netween pyrophoric
and non-pyrophoric metals. Pyrophoric metals were found to have both
(1) a standard free energy of formation per oxygen atom in tho- metal
oxide above 100 and '2) a ratio of metal oxide volume to metal volume
above 1.0. From available data on 60 elements, 14 possess properties
that suggest pyrophoric behavior. They are aluminum, beryllium, cerium,
hafnium, lanthanum, neodymium, plutonium, prz.ieodymium, samarium,
thorium, titanium, uranium, yttrium, and zirconium. Pyrophoric and non-
pyrophoric metals were compared 2 by heating a sample of non-powdered
metal to glowing and striking it with a weight to give it a standard
impulse. However, unly a few forms of a :,ew metals sparked. For
example, zirconium sponge glowed and spar~ed on impact, but cast
zirconium rod did nor. T1he difference iii behavior for different forms
of the same metal could not be attributed to impurities in the mntals.
Voids and fractures in the zir'-onium sponge appear to have increased the
metal surface area (external and internal) and thus its reactivity.

1H. Ellern., "Military and Civilian Pyrotechnics," Chemical
Publishing Co., Inc., New York, 1968.

2W. W. Hillstrom, "Formation of Pyrophoric Fragments," Ballistic
Research Laboratories Memorandum Report No. 2306, AD 765447 (1973).
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Maniy studies of spaIrking pyro•horicity have been concerned with the
ign itabilit) of fine metzal powders such as would h1 formed during
sp.arking I''''ll The reactivity and ignitability of small purticles,
however, is a function of their size and surface reaction historvy '"''

Brown at the BRLI 1 showed that sparks from pyrophor.c projectiles
were substantial even at air densities corresponding to altitudes as
great as 18,300 m. Rae masured the temperature of frictional sparks
from titanium and a cerium alloy and found them to he 2700*C. 1 2

Recently, Kelloy1 3 and Blickensdrrfer 1 measured t1w sparking
radiance of metals abraded an Alundum grinding wheels. They found .hat
soft metals such as brass, copper, aluminum, finc, magnesium, and
beryllium-bronze do not spark. Hard mtAls such as tool steels and
moderately reactive metals such as zirconium, vanadium, columbium, and

1C. R. Schmitt, J. Fire and Flmw bilit- 2, 1_57 (1971). ]
"I1. Hartwan, J. Nagy, and H1. Brown, "Inf1ilawobility and feploeibility

of ?Atal Powders," BMRI 3722 , '943).

-B. Kopel,,an and V. B. compton, Metal Proreso. 03 (21), 7?7 (1953).

6J. Sekh, Stcmb 22 (11), 494 (1962) ao tan elated in Picatinnybl
Arsenal Teonicat M'andum 1677, AD 470099 (1965).

7G. E. Ziria, "P•rophoricitoi of Urnium in Reactor £nviropalnt8,"
AEC HW-62442 (1960).

"•1,.. Baker, JIr., J. G. Schnizlein, and J. D. Bingle, J. Nucl. Mar.,
Lo, 22 (1966).

9I1. Hartman, J. NUy, am] M. Jacobson, "Exploaive Characteristics of
Titanium, Ziroonium, Thorium, Uraý,,am and Theii, Hydrides,"
BML 4835 (1951).

10R. B. Smith, Nucleonics- 14 (.12), 28 (19.56).

IN. Broon, "Size and Duratilon of Sp,-zks Produced by Impact of Steel
and Pyrophoric SimuZated Fragments on Thin Metal Plates," Ballistic
Research Laboratories Report No. 6.38 (1948). (AD #800S19)

12D. Raa, Combustion cind Flame, ., 341 (1961).

13j. E. Kelley and R. EZicdkensderfer, "Spark-Shower Radiance of Metal
Grinding Sparks," kBiRI 7902' (1974).

14 R. BLickenaderfer, J. E. Kelley, 1. K. Deardorff, ad M4. I. Copeland,

"Testing of ?oal-Outter Materials for Incendivity and Radiance of
Sparks," BMRI 7713 (1972).
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manganese have a hIgh sparking tendency. Deoys reported a test in

which a rod rapidly arcs acr;t...s a rusted steel '"ock. Three commercialIcasting alloys and a number ot experimental aluiminu- alloys were tested
for incendiarism in flammable methane-air mixtures. The harder alloys
anr~d those containing silicon tended to be more incaidiaristic.

A more applicable impact test was needed to quantitatively
distinguish between pyrophoric and non-pyrophoric metals for incendiary
applications and al'o to test thd validity of the empirical pyro-
phoricitv criteria. This report describes a gt•n test developed to
accomplish these objectives and the experiment. 1 results obtained
using it.

II. PROJECTILES AND TARGETS

Metal samples were used as obtained from the suppliers. Pure
zirconium (Johnson Matthey Chemicals, Ltd., Spacpure Grade) was
purchased fivo Fisher Chemical Co., Pittsburgh, Oa. Analysis showed
less than 600 ppm impurities, including less than 200 ppm hafnium.
Zirconium as Commercial Grade 11 was supplied by Amax Specialty Metals,
Inc., Akron, New York. Analysis showed the major contaminants to be
iron and chromium at 0,18% total, with zirconium and hafnhium at greater
than 99.s%. Rods of misch metal alloys were purchased from Ronson
Metals Corporation, Newark, N.J. Misch metal grades, 75142 (7M% rare
earths, 23% iron, 2% magnesium), 95M (95% rare earths, St magnesium),
and IOOX (97.5% rare earths and 2.S% sagnesium) were used. A typical
analysis of the rare earths in misch metal is 53% cerium, 24% lanthanum,
16% neodymium, S% praseodymium, 2% other rare earths. Pure cerium
(99.9%) ingots were purchased from Research Organic/Inorganic Chemical
Corp., Sun Valley, California, and carefully machined to the desired
shapes. Pure titanium (99%), 2024-T3 Dural (Mn, 0.30-0.90; Fe. 0.S;
Si, O.S; Cr, 0.10; Zr, 0.10-0.25; Cu, 3.8-4.9; Cd, 0.0S-0.20; Mg,
1.2-1.8; Zn, 0.25; the remainder alisminum) and hard copper rods were
obtained locally. Pure hafnium was obtained from Amax Specialty Metals,
Inc., Akron, New York.

The target and projectile hardnesses are shown in Table I. The
hardnesses of mild steel, pure hafnium, pure titanium, soft and hard
copper were measured on a Rockwell Tester and converted to Brinnell
Numbers, while the others were obtained from the suppliers.

15D. H. Desy, L. A. Newamier, and J. S. Risbeok, "Methane Ignition by
Frictional I.mpact Between Aluminmz Alloye and Rusted Steel,"
BSRI 8065 (1975).
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'labl' I. target anod I'rnie•-t I Ii' IlardnEv.'•t

Wt isI Brinnel I Ilkrdnc%. No.

Soft Copper 02

i)ural. 2024-T3 120

Mild Steel 141)

)ual I[lard Steel Nrmor (MII. S4%1949) sbof

Proj ect i CeS

Ilard Copper 96

Misch Metal, 9SM 107

Dural, 2024-T3 120

Pure "Zit-onium 140

Iure Hafnium 160

Misch Metal, 75M2 160

1095 Steel 170

Grade 11 Zirconim 1O

Pure Titanium 210

IllI. FXPF.IIMENTAI. IEQUIPMENNT AND PROCFDURE

Right circular cylinders were prepared from each of the projectile
materials. They were launched using lexan or wooden sabots except for
several copper, steel, and titanium projectiles which were la;mched
fuil bore.

A diagram of the test arrangement is shown in Figure 1. Firings at
velocities less than 300 m/s were rade with a 0.50 cal smoothbore
barrel on a compressed gas gun using nitrogen. Veloc-ities above 300 m/s
were achieved with a 0.30 cal smoothbore propellant gun. Striking
velocities were determined by velocity screens posit . ed at 0.5, 1.0
and 2.0 meters from the target. The timer interval tetween projectile
breakage of the two screens was displayed on a TSI 4odel 385R interval
counter. Velocities were calculated from the time intervals.

12
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111 t argvtt wt'rt, stt'artd t , a rigid ste'Cl Iiaouant and a I ni wied to giw ,
niorm l| impacts. I iriniig% were wide at di.stances betweell the guin muzz le
mid the' t arg't of 1.8 aitil 6 mileters. The Iunral target s -,ere (6.3• mm thick,
1lhc ma Id ;ivvI llk %as 38." i thick and sallded to ,'move any rust
pre•.elit til the impact suI'lface. 'ihe armor plate waA 7 .9mm thick. TLIc s o ft
copper plate was 3.2S=m thick. Additional firings weye conducted against
lo.w thick sheets of 7024-T3 Dural to compare sparking and projectile muss
loss after penetration.

Open shiatter still photographs in the darkened room were made with
I1olacolor 58 film in a 4x5 Speed (raphic cam,;a. Impacts were also
filied at 400 frames/sec on 16m Kodak Ektachrove El: 7241 film. Visual
oh.kervation through heavy glass ports and still photograph!- furnished
criteria for sparking. "Border" sparks were recorded when at least two
spark trails or a flash were observed. A "yes" was recorded when a
large array of sparks or a large and persistent flash occurred. The
sparking threshold was set as the lowest velocity which consistently
gave "border" or "yes".

A series of at least 5 tests over a range of velocities was made to
determine each threshold. The tests were designed to give one or more
velocities within 50 m/s of the threshold. The pertinent firing test
data are recorded in Appendix A.

IV. SPARKING ON IMPACT

Aluminum, cerium, hafnium, titanium, and zircorium are predicted to
be pyrophoric metals2. Sparking thresholds were determined for these
metals and/or their alloys as well as the non-pyrophoric metals--steel
and copper. Thresholds were determined on the basis of projectile
velocity since a comparison of thresholds for 0.14 and 0.85 gm titanium
projectiles striking mild steel showed that variation of projectile mass
did not appreciably affect sparking thresholds (183 and 152 m/s,
respectively). The corresponding kinetic energies are 2.6 newton-reters
and 9.8 newton-meters.

A. Misch Metal and Cerium

Cylinders of the misch metal alloys and cerium alone were launched
against both steel and Dural targets. Thresholds of sparking for 75M2
misch metal alloy are summar'zed in Table II.

Table TI. 75M2 Misch Metal Sparking Thresholds

Projectile Velocity Kinetic
Mass, Grams Ft/Sec m/s Energy, N-M Target

0.24 396 120 1.7 Dural

0.26 367 i12 1.6 Mild Steel

14
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Misch met sparks readily and produces a bright display from
impacts at vvlocitie'. above the threshold. An example of misch metal
sparking is shown in .:gure 2. The 75M2 cylinder weighed J.44 gm and
traveled at 240 m/s (800 ft/sec) against mild steel. The point of
impact is in the center of the photograph and secondary impacts of
fragments and sparks against the i ild steel mount may be scon at the:i•[•" bottom of the picture. This is contrasted with the impact against Dural

V •,as shown in Figure 3 (0.16 gm moving at 272 m/see).

The sparks from cerium and the cerium alloys (misch metal) are
similar in appearance and intensity to those described above from 7SM2
misch metal. The thresholds were not measured for each alloy, but
sample firings indicate similar, low thresholds. Sparks from impacts
above the thresholds are shown in the following photographs. Figure 4
shows an impact of cerium on mild steel at 205 m/s (674 ft/sec).
Figure 5 shows the 95M cylinder (0.136 gm) moving at 268 m/s (879 ft/sec)
against mild steel. Figure 6 shows the 1OOX cylinder (1.43 gm) impact-
ing against mild steel at 215 m/s (707 ft/sec).

B. Titanium

Sparking thresholds for titanium projectiles are summarized in
Table III.

Table 11. Titanium Sparking Thresholds

Projectile Velocity Kinetic
Mass, Grams Ft/Sec m/s Energy, N-M Target

0.30 902 275 11.3 Dural

0.85 500 152 9.8 Mild Steel

0.39 530 162 5.1 Steel Armor

The intensity of sparks from titanium impacts is not as bright as
those from cerium and its alloys. In fact, at and just above the
threshold against Dural, the titanium sparks are seen visually but not
recorded on the still or motion pictures. At the threshold against
mild steel a few sparks were observed, and although none were on the
still photo, sone are present on the motion pictures. The threshold on
steel armor gave sparks that are recorded faintly on both still and
motion pictures. Figure 7 shows the threshold impact on steel armor.

As with misch metal, higher sparking thresholds are measured from
titani_- impacts "Lgainst the Dural target compared with the steel
targe'-. Harder materials would be expected to impart a greater shock
to the projectile upon impact and could cause a loss of material from
the projectile. Thus, the lower threshelds from impacts against steel

15



Figure 3. 75M2 Misch Metal vs Dural

Figure 2. 75M2 Misch Metal.
vs Mild Steel

II

Figure 4. Ceriun vs Mild Steel

Figure 6. 10OXi Misch Metal
vs Mild Steel Figure 5. 95M Misch Metal vs Mild Steel
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4armor0 arc reasonai•ic. But since the Dural and mild stLe,! targets have
similhr itardoesscs and have consistently dif'urunt thresholds, target
hardness does not appear to explain thc differences in the mild st.cel
and Dural thresholds.

After impacts with titanium, indentations wore observed in the
Dural targets, but not in the mild steel or steel armor targets. Theindentations and highor thresholds for Dural targets are probably both

the result of the lower density of the I)ural. The penetration would
load to a longer time interval of contact during collision and a lower
impulsive force acting on the projectile and less loss of particles and
sparking.

C. Zirconium and Hafnium

Sparking thresholds for 3mm diameter cylinders of zirconium and
* hafnium are shown in Table IV.

Table IV. Zirconium and ilafnium Sparking Thresholds

Projectile Kinetic
Run Mass Velocity Energy

SProjectile Target No. Grams Ft/Sec m/s N-M
Zr Dural 108 0.93 784 239 27
Zr Mild Steel 136 0.88 730 222 22
Zr Steel Armor 48 0.58 822 250 18
HF Mild Steel 148 0.905 364 111 5.6

Impacts of zirconium on the three targets are shown in photos on
the previous page. Figure 8 is an open shutter photograph of the thres-
hold impact of zirconium against Dural. Figure 9 is an open shutter
photograph of zirconium against mild steel (0.60 gm at 237 m/s resulting
in a kinetic energy of 17 newton-meters). Figure 10 is the threshold
impact of zirconium against steel armor. The threshold for sparking of
zirconium against the mild steel target was the lowest of the targets.
Additional firings of zirconium against steel armor at lower velocities
need to be performed to better define this threshold. The thresholds for
zirconium against the steel targets are significantly higher than those for
titanium or cerium.

The sparking threshold for hafnium is comparable with that og misch
metal rather than zirconium and titanium. Hafnium at 13.3 gm/cm is
respectively two and three times as dense as zirconium and titanium.

O • Its hardness is similar. The threshold photograph shows no spark, but a
spark pattern for 12.2 newton-meters (0.90 gm at I¼5 m/s) is shown in
Figure 11.
D. Dural

2024-T3 Dural was used in place of pure aluminum due to its wide-
spread military usage. Dural has copper and other metals added to

18



I il r•case hIardnest'ss and colroslotnI reJistance. 'ie sparking thresi-oId for
s311m diametevr cylinders of Ihiral is shown in lable, V.

lTable V. Durul Sparking Threashoid

Project i le Kinet ic
Run Mass Velocity Energy

Pr'ojectile Target No. Grams Pt/S. c rn/s N-M

Dural Steel Armor 127 1.04 156 352 64

The Dural sparking threshold is much higher than those of the other
pyrophoric metals. Its sparks are somewhat different in that the spark
trials are more erratic. A photograph of an impact Is shoom In Figure
12. The projectile weighed 0.19 gm and traveled at 908 m/s.

E. Steel and Copper

Sparking thresholds for cylinders of 1095 steel and hard copper are
shown in Table VI.

Table VI. Steel and Copper Sparking Threasholds

impact Projectile Kinetic
Run Interfacq Mass Velocity Energy

Pro•ectile Target No. Area, Cm Grams Ft/Sec m/s N-M

Steel Dural 67 0.312 1.94 1958 597 345

Steel Steel Armor 40 0.071 0.66 2100 640 135

Copper Copper 118 0.453 1.89 3266 995 930

Copper Dural 70 0.453 1.89 3000 914 789

& Copper Steel Armor 144 0.453 2,15 1102 336 121

The steel prejectiles launched against steel armor to obtain the
threshold were 3mm diameter as were most of the pyrophoric rods already
described. The threshold for sparking against steel armor is much

higher than those for the pyrophoric projectiles. In order to spark,
high velocities were also required for impacts of steel projectiles
against Dural. These projectiles and those of copper were
laumched full bore and had a larger impact interface area than
previous projectiles. This large area did not appear to affect the
resulting thresholds.

The sparks from steel projectiles were not as intense as those from
the pyrophoric cylinders. For example, the open shutter photograph in
Figure 13 is from an impact of a steel projectile of 1.94 gin moving at
998 m/s (3274 ft/sec) striking a Dural target. Even at these relatively
high velocities and relatively large masses, the sparks are a

19



Figure 12. Dural vs Steel Armor

Figure 11. Hafnium vs
Mild Steel

Figue 13 Stel vsDura

FiFggur 13. Steelr vs Dural

~Figure 15. Copper vs Duraer

20



vo I low- red color.

Por copper impacts on the soft copper target very high velocities
or large masses were required to induce sparking. For example In
Figure 14 the 1.88 gm projectile was moving at 1171 m/s (3843 ft/sec)
for a kinetic energy of 1289 nowton-meters against copper. In Figure 15
the photograph is the threshold impact cf the copper projectilo of 1.89
gin m)ving at 914 m/s (3000 ft/soc) for a kinetic energy of 789 newton-
meters against Dural. Like stool, copper needs large masses at high
velocities for sparking and the resulting sparks are not as intense as
pyrophoric sparks.

F. Mass Loss from Impact and Sparking

Mass losses were determined for the impacts of non-pyrophoric and
pyrophoric projectiles on targets with and without perforation. In
Table VI nmass losses are compared with sparking for a range of
velocities of copper projectiles striking steel armor without perforation.

Table VII. Copper Mass Loss on Impact

Run Velocity Initial Mass Final Mass Loss Sparks
No. m/s Gm Gm Gm

143 865 2.16 1.27 -0.89 Yes

144 336 2.15 2.14 -0.01 Some

147 267 2.14 2.13 -0.01 No

145 238 2.1S 2.15 0.00 No

146 159 2.15 2.16 +0.01 No

These data show that very small projectile mass losses (ca. 0.5%)
are responsible for sparking at/or near the threshold. It can also be
seen that quite substantial amounts of material are lost from the
projectile at higher velocities. In this test series, the target plate
was unchanged after the impacts. Thus, ill of the sparks are generated
from the material of the projectiles. The projectiles were recovered
after impact and are shown in Figure 16.

The mass loss during perforation and sparking was measured for 7.6mm
*6 diameter titanium cylinders (except for Run No. 330 which was Grade 11

zirconium) launched against 1.6m thick 2024-T3 Dural. The projectiles
were retrieved from a soft recovering system and are shown in Figure 17.
The results are shown in Table VIII.

21
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Table VIIi. Titanium Mass Loss on Impact

Initial Final Kinetic Spark
Run Velocity Kass Mass Energy Loss nurat ion
No. ,n/s Gm GM N-M GM % Sparks ms

150 988 1.6936 1.5845 825 -0.1091 -6.4 Yes 473

155 879 1.7173 1.6958 664 -0.0215 -1.3 Yes 1
154 )826 1.7283 1.7042 587 -0.0241 -1.4 Yes 0.75

152 640 1.7155 1.7157 352 +0.0002 0.0 Some 0.25

151 519 1.7300 1.7302 233 +0.(002 0.0 Some 0.25

153 354 1.7264 1.7268 108 +0.0004 0.0 No 0

All of the projectiles perforated the Dural target. At velocities
below 826 m/s some aluminum was apparently transferred from the target
to the projectile during penetration resulting in a slight weight
i.ncrease. Although the projectile mass loss during sparking was small,
the spark duration was easily measured by motion pictures at 400 frames/
sec. TT can be seen th-t large mass losses and extended spark visibility
occur at a velocity nearly twice that required for initial sparking.

All of these impacts are well above the sparking threshold against
Dural reported in Section B of this report. However, the thin target
sheet used in this test series apparently offered so little resistance
to the projectile that higher striking velocities were needed to cause
sparking compared with the 6ulk target materials used in determining
the thresholds. This target is applicable to fuel ignition studies
,•h,-h ate u..derway.
G. Metal !parkiiap Comparisons

Sparking velocity thresholds f-ir the different projectile-target

combinations are compared in Tabla IX.

Misch metal bad hafnium projectiles striking mild steel targets had
the lowest "ap sparking thresholds of the combinations tested.
Titaniu• ard zirconium striking mild sceel had higher thresholds and
Dural z.~king steel armor ta.'gets had the highest threshold of the

*6 pyrophoric metal projectiles tested.

The thresholds for projectiles striking Dural targets were generally
higher than thresholds for the sa5; metals striking steel targets as
shown by misch metal, ti--anium, and zirconium projectiles. The
thresholds for projectile impacts on mild steel and steel armor target s
shown in Table IX may be considered to be within experimontal error.
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Table TX. Velocity Comparison of Sparking Thresholds

Thresholds Thresholds Thresholds
Impact Against Against Aganist

Interfac; Dural Mild Steel Steel Armor
Projectile Area, C" m/s /s N/S

Hafnium 0.071 - ll -

75HZ Misch Metal 0.071 120 112 -

Titanium 0.071 275 152 162

Zirconium 0.071 239 222 250

Dural 0.071 - - 3S2

109S Stool 0.071 - 640

1095 Steel 0.312 SS - -

Copper 0.453 914 - 336

Steel and copper, which wert: predicted to be non-pyrophoric in
Reference 2, have higher sparking thresholds than pyrophoric metals
except for copper striking a ,teel armor target. All of the metal
projectiles tested, both pytriphoric and non.pyrophoric metals, flashed
or sparked given a sufficiently high striking velocity. During high
velocity impacts, small particles are torn from the projectile or target
and my be heated by the energy of the impact to a sufficiently high
temperature to ionize or to react incandescently with the surround:.ng
air. The pyrophoric metals describod in Reference 2 react exothermally
vith air to raise the metal and metal oxide temperature even further.
The resulting incandescent particles or vapors are seen as sparks. The
non-pyrophoric metals are not as reactive and higher impact forces are
required to produce incandescent impact debris.

The kinetic energies of the pr, jectiles at the impact sparking
thretholds are compared in Appendix B. The projectile materials fall
into approximately the ssae order 's the thresholds compared by velocity
as shown in Table IX. The only change results from misch metal having
the lowest kinetic energy with sparking (1.6 newton-meters for misch
metal striking a mild steel target compared with 5.6 newton-meters for
hafnium striking the same target*) Impacts against steel armor targets
had the lowest kinetic energies ,>vf the three targets for a given pro-
jectile material - such as titanitm or zirconium. The non-pyrophoric
metals - steel and copper - had much higher kinetic energies
at the sparking thresholds than the pyrophoric metals.
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V. CONCWJSIONS

Projectile impact velocity thresholds for metal %parking furnish an
experimental test method to quantitatively distinguish between sparking
pyrophoric and non-pyrophoric metals and alloys. The pyrophoric metals
in these tests sparked ast velocities between 120 and 275 meters/second
against Dural targets. The non-pyrophoric metals hod msch higher
thresholds than the pyrophoric metals.

The different projectile materials induced sparking in the following
order, misch metal (cerium) > hafnium> zirconium> Dural (aluminum) >
steel > copper.

Higher thresholds resulted from impacts against Dural than against
the steel targets. This is attributed to the lovwr density and deeper
penetration of the Dural which resulted in lower impulsive force
applied to the projectile during impact, leading to less projectile
breakup and sparking.

Earlier empirical predictions of metal pyrophoricity using a com-
bination af (1) the free energy of formation of the metal oxide per
oxygen atom and (2) the ratio of metal oxide to metal specific volumes
are confirmed by the experimental results of these tests since the
predicted pyrophoric metals sparked much more readily than the non-
pyrophoric metals.
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APPUUIX A

Piring Test Results

Rum Projectile Volocity
No.. HIt' I Mmsss.G ft/ec ,,/s Trlnt Mats spark

1 Ce - 674 205 Mild Steel Yes

2 7.9i2 1.44 - Mild Steel Yes

3 7SM2 1.44 695 212 Mild Steel Yes

4 7SM2 1.44 712 217 Mild Steel -

$ 75M2 1.44 709 216 Mild Steel Yes
6 7942 1.44 - Mild Steel Yes

7 75M2 1.44 692 211 Mild Steel

8 7512 1.44 715 218 Mild Steel

9 75M2 1.44 739 225 Mild Steel Yes

10 Zr .57 804 245 Mild Steel No

11 Zr .57 846 258 Mild Steel Cme

12 Al - 837 255 Mild Steel No

13 Zr .99 730 223 Mild Steel Some
sponge

14 Ti .51 - Mild Steel Some

1s 9511 1.42 718 219 Mild Steel Yes

16 lOOX 1.435 707 215 Mild Steel Yes

17 Hot .57 - Mild Steel Some
oil Pure ;r

18 7512 - Mild Steel No

19 75M2 Mild Steel Yes

20 75112 .210 795 242 Mild Steel Yes
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Run Projectile Velocity
No. Nat'l MassGo ft/sc MI/S Target Mat'l Sparks

21 7512 .210 870 265 Mild Steel Yes

22 75H2 .14 982 299 Mild Steel Yes

23 7512 .14 Mild Steel Yes

24 7512 .20 Mild Steel Yes

25 7512 .145 s85 270 Mild Steel Yes

26 7SN2 .15 865 264 Mild Steel

27 7512 .16 893 272 Dural Some

28 75M42 .15 Mild Steel

29 75142 .310 707 215 Mild Steel Yes

30 7512 .17 752 229 Mild Steel Yes

31 951 .136 879 268 Mild Steel Some

32 7512 1.44 671 205 Mild Steel Yes

33 75142 1.44 Mild Steel Yes

34 Zr .56 1943 592 Steel Armo7 Some*

35 Zr .56 2694 821 Steel Armor - **

36 Zr .56 2915 888 Steel Armor

37 Steel .66 3215 980 Steel Armor - **

38 Zr .56 2179 664 Steel Armor Yes

39 Steel - 2375 724 Steel Armor No

40 Steel .66 2100 640 Steel Armor Some

41 Steel .66 2761 842 Steel Armor Yes

42 Ti slag .37 2681 317 Steel Armor Yes

* some glowing particles

* missed target
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rI

Run Projectile Velocity
No. Mat'l MassGm ft/sec m/s Target Mat'l Spark:

43 Ti slag .37 3019 920 Steel Armor Yes

44 Ti slag .37 2604 794 Steel Armor Yes

* 45 Zr .56 1888 575 Steel Armor Yes

46 Zr .58 1249 381 Steel Armor Yes

47 Zr .57 1047 319 Steel Armor Yes

48 Zr .58 822 251 Steel Armor Some

49 Steel .69 1196 365 Steel Armor No

50 Ti ,39 1385 422 Steel Armor Yes

51 Ti .39 530 162 Steel Armor Some

52 Ti .39 1307 398 Steel Armor Yes

53 Steel 1.94 2431 741 Dural 1.6 m No

54 75M2 1.45 2375 724 Dural 1.6 mm Yes

55 75M2 1.39 2496 761 Dural 3.2 mm Yes

56 75M2 1.41 2224 678 Dural2X 6.4 -m Yes

57 Zr .648 2657 810 Dural 1.6 mm Some

58 Zr .596 2443 745 Dural 3.2 mm Some

59 Zr .622 2589 789 Dural 3.2 mm Some

60 Zr .609 2637 804 Dural 6.4 mm Some

61 Zr .907 2535 773 Dural 6.4 mm Some

62 Zr .298 1942 592 Dural 1.6 mm Some0 K

65 Zr .304 629 192 Dural 2.0 mm No *

64 Zr .298 2295 670 Steel Support Yes**

• unburned powder

•* missed target but hit support
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Run Projectile Velocity
No. Mat'I Mas Am- ft/sec 2/s Target Nat'l Sparks

65 Zr .324 2259 689 Dural 2.0 m Some*

66 Cu 1.91 1591 485 Dural 2.0 nu No

67 Steel 1.94 1958 597 Dural 6.4 am Some**

68 Steel 1.94 3274 998 Dural 6.4 mm Some**

69 MM 1.45 2353 717 Dural 6.4 mm Yes

70 Cu 1.89 3000 914 Dural 2.0 mm Some

71 Zr .596 1173 358 Mild Steel Yes

72 Zr .602 776 237 Mild Steel Some

73 Zr .603 2677 816 Mild Steel Yes

74 Ti .141 999 304 Mild Steel Some

75 Ti .142 860 262 Mild Steel Some

76 Ti .147 999 304 Mild Steel Some

77 Ti .156 849 259 Mild Steel Some
78 Ti .190 910 277 Mild Steel Some

79 Ti .190 600 183 Mild Steel Some

80 Ti .148 S18 158 Mild Steel No

81 Ti .89 520 159 Mild Steel Some

82 Ti .89 401 122 Mild Steel No

• large sheet

•* cube-and-round
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S~Kinetic
Run Projectile Velocity inericNo. Mat'l LassG ft/soc m/s Target Sparks N-M

83 75M2 .46 919 280 Mild Steel Yes 18

84 75M2 .51 760 231 Mild Steel Yes 13.6

85 75M2 .53 609 186 Mild Steel Some 9.2

86 751M2 .55 523 159 Mild Steel Some 6.9

87 75M2 .55 619 189 Mild Steel Some 9.8

4 88 75M2 .51 449 137 Mild Steel Some 4.8

89 75M2 .32 475 145 Mild Steel Some 3.4

90 75M2 .26 367 112 Mild Steel Some 1.6

91 7512 .21 47 14 Mild Steel No .21

92 75M2 .25 42 13 Mild Steel No .22

93 Zr .64 1514 461 Dural Some 68

94 Zr .64 867 264 Dural No 22

95 Zr .64 1303 397 Dural Some 50

96 Ti .31 863 263 Mild Steel No 10.4

97 Ti. .30 965 294 Mild Steel Some 13

98 Ti .30 899 274 Mild Steel Some 11.3

99 Ti .30 958 292 Mild Steel Some 12.7

100 Ti .85 896 273 Mild Steel Some 32

101 Ti .86 827 252 Mild Steel Some 27
102 Ti .86 794 242 Mild Steel Some 25

103 75M2 1.42 801 244 Mild Steel Yes 42

104 75M2 1.45 850 259 Mild Steel Yes 49

105 75M2 1.43 787 240 Mild Steel Yes 41
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Kinetic

Run Projectile Velocity Energy
No. Mat'l MassGm ft/sec m/s Target Sparks N-M

106 Ti .30 978 298 Dural 1.9 nu Some 13

107 Ti .30 988 301 Dural 1.9 m No 14 *

108 Zr .93 784 239 Dural 6.4 am Yes 26 *

109 Ti .30 826 252 Mild Steel Some 9.5

110 Ti .30 741 226 Mild Steel Some 7.7

111 CU 1.88 2422 738 Copper - 512

112 Cu 1.88 2425 739 Copper Yes 512

113 Cu 1.88 2135 651 Copper Yes 398

114 Cu 1.91 1563 476 Copper Some 215 *

115 Cu 1.88 3843 1171 Copper Yes 1289

116 Cu 1.88 3569 1087 Copper Some 1111 ***

117 Cu 1.88 3404 1038 Copper Some 1013

118 Cu 1.89 3266 995 Copper Some 930 *

119 Cu 1.93 2811 856 Copper No 711

120 Al .19 1763 537 Steel Armor Some 27

121 Al .19 2023 617 Steel Armor Yes 36

122 Al .19 2978 908 Steel Armor Yes 78

123 Al .19 1539 469 Steel Armor No 21

• loose mount

• * solid mount

•*** nothing on Polaroid

S**very large hole diameter

S**** only glow
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Kinetic
Run Projectile Velocity Energy
No. M it/sec a/s$ Target S-parks N-M

N 124 Al .19 1411 430 Steel Armor No 18

125 Al .19 1161 354 Steel Armor No 12

126 Al 1.04 1568 478 Steel Armor Yes 120

127 Al 1.04 1156 3S2 Steel Armor Yes 64

128 Hf .90 758 231 Mild Steel ges 24

129 Hf .90 - - Mild Steel Yes -

130 Hf .90 764 233 Mild Steel Yes 24

131 Hf .90 748 228 Mild Steel Yes 23

132 Hf .90 696 212 Mild Steel Yes 20

133 Hf .91 653 198 Mild Steel Some 18

134 Ti .30 941 287 Mild Steel Some 12.3

135 Ti .30 902 275 Dural 6.4 nm Some 11.3

136 Zr .88 730 222 Mild Steel Yes 22

137 Zr .89 774 236 Mild Steel Yes 25

S138 Zr .88 761 232 Mild Steel Yes 24

139 Ti .30 963 293 Dural 6.4 mm No 12.9

140. Ti .85 551 168 Dural 6.4 nmn No 12

141 Ti .85 772 203 Mild Steel Yes 17.5

142 Ti .85 500 152 Mild Steel Some 9.8
*6

143 Cu 2.16 2838 865 Steel Armor Yes 808

I 144 Cu 2.15 1102 336 Steel Armor Some 121

145 Cu 2.15 780 238 Steel Armor No 61

146 Cu 2.15 521 159 Steel Armor No 27
147 Cu 2,14 877 267 Steel Armor No 7

33

K



Kinetic
Run Projectile Velocity Energy
No. Mat'l MassGm ft/sec m/s Target Sparks N-M

148 Hf .900 542 165 Mild Steel Yes 12.2

149 Hf .905 364 111 Mild Steel some S.6

ISO Zr 1.69 3242 988 Dural 1.6 m Yes 825

151 Ti 1.73 1704 519 Dural 1.6 m Some 233

152 Ti 1.72 2101 640 Dural 1.6 m Some 352

153 Ti 1.73 1160 354 Dural 1.6 m No 108

154 Ti 1.73 2712 826 Dural 1.6 m Yes 587

155 Ti 1.72 2883 879 Dural 1.6 mm Yes 664

156 MMH 0.285 490 149 Dural 6.4 - Yes 3.2

157 mm 0.155 424 129 Dural 6.4 m Some 1.3

158 mm 0.246 427 130 Dural 6.4 mm Yes 2.0

159 mm 0.237 396 120 Dural 6.4 im Some 1.7

160 *1 0.234 226 69 Dural 6.4 mm No 0.6

34



I APPENDIX B

Table B-I. Kinetic Energy Comparison of Sparking Thresholds

Thresholds Thresholds Thresholds
Impact Against Against Against

-_ Interfac Dural Mild Steel Steel Armor
ProJectile Area. Cm" N-M N-M N-M

75M2 Misch Metal 0.071 1.7 1.6

Hafnium 0.071 - 5.6 -

Titanium 0.071 11.3 9.8 5.1 V
Zirconium 0.071 27 22 18

Dural 0.071 - - 64

1095 Steel 0.071 - 135

1095 Steel 0.312 345

Copper 0.453 789 121

,.I
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